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Abstract.-We constructed a simu lati on model for Redfis h Lake, Id aho, using water budge! and
nutrient loading measuremen ts, to predict the dependence of lake production on nutrie nts from
the watershed, precipitation , lake fertilizatio n, a nd marine-derived nutrients from sockeye sa lmon
Oncorhynchus nerka, which hi stori ca ll y ha ve reared in the lake. We also used the mode l to s imulate
different management scenari os to he lp res tore the endan gered Snake Ri ver sockeye salmon . The
model and other empirical evidence indicated that even before hyd ropower dam s were prese nt in
the mi gratio n corridor, marine-derived nutri e nts were not of major importance to lake production ,
contributin g on ly about 3% of the ann ual phosphorus load of the lake. This co ntribution was
partiall y removed by the qui ck flu shing rate (3 years) of the lake and phosphorus export by smolts.
The mode l predicted annual adult sockeye sa lmo n returns to be 3,800 fis h under predam co nditi ons,
370 fish under modern conditions, 780 fi sh when watershed nutrient loadin g was doubled (si mulating lake fertilization), and 750 fi h whe n smolt-to-adult sur viva l was doubl ed. Although fertilization should st imulate sockeye salmo n production , the effect wo uld be tran sitory. The model
pred icted that 8 years after the end of a 3-year fertilization period, ad ult returns wo uld be o nl y
5 % greater than those for unferti li zed conditions. Our ana lysis suggests th at to restore se lf-sustainin g anadromous sockeye sal mon populations to Redfi sh Lake, in creased smolt-to-adult surviva l
mu st be achieved; howeve r, lake fertilization should be cons idered an important short-term tool
for decreas ing continued erosion of the stock.

Direct relationships between nutrient loading
and lake primary production have been well studied (Dillon and Rigler 1974, 1975 ; Vollenweider
1976; Schindler 1977,1978 ; Schindler et al. 1978;
Smith 1982). Nutrient loading and primary production, to a great extent, also control fish production in lakes (Carline 1986; Downing et al.
1990; Plante and Downing 1993). Thus, control of
nutrient loading can be used to reduce eutrophi-

I Prese nt address of corresponding author: SWCA Environmental Consultants , 56 West 400 South , Suite 20 I,
Salt Lake City, Utah 84 101 , USA ; hgross96@ao l. com

cation (Schindler 1974; Schindler et al. 1980).
Conversely, nutrient loading or fertilization can be
used to enhance fish production (Nelson 1958;
Bardach et al. 1972; Stockner and Shortreed 1985 ;
Kyle et al. 1988).
A substantial portion of nitrogen and phosphorus loading in some lakes and streams can be of
marine origin, transported by anadromous salmonids (Juday et al. 1932; Krohkin 1967 ; Mathisen
et al. 1988 ; Kline et al. 1993 ; Bilby et al. 1996).
In five lakes re viewed by Stockner (1987) , sockeye
salmon Oncorhynchus nerka contributed 3-58% of
the annual phosphorus loading . For a single lake,
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cyclic varIatIOns in sockeye salmon returns can
have a large effect on yearly contribution of marine-derived nutrients (Koenings and Burkett
1987 ; Stockner 1987) . Declining sockeye salmon
stocks can lead to a decrease in nutrient loading
and lake productivity (Koenings and Burkett
1987). For example, when fishing pressure reduced
sockeye salmon runs by 97% in Lake Dalnee
(Kamchatka Peninsula, Russia) over a 40-year period, phosphate levels fell by 75 %, primary production by 40%, and smolt output by 86% (Krogius 1979).
Our study evaluated whether or not a decline of
a sockeye salmon run has affected the nutrient
loading and productivity of a mountain lake in
Idaho, as well as the usefulness of lake fertilization
as a tool in the recovery of the run . Numbers of
Snake River sockeye salmon returning to their
rearing lakes in central Idaho (the Sawtooth Valley
lakes) have declined by over 99% since the early
1900s, largely due to the construction of eight
dams in their migration corridor (Bevan et al.
1994). Only 16 adult sockeye salmon returned between 1989 and 1994. In 1991 , the species was
listed as endangered under the U.S. Endangered
Species Act of 1973. In concert with efforts to save
this stock, our study addressed the following questions. Could short-term nutrient additions trigger
enough plankton and subsequent fish production
to boost adult returns? Has Redfish Lake become
less productive as a result of declining sockeye
salmon runs (i.e., has a nutrient " deficit " developed)? Would ensuing increases in adult returns
overcome this potential nutrient deficit and maintain higher production without continuing fertilization? How would improving smolL-to-adult survival compare with lake fertilization as a means
for increasing salmon runs?
To meet our objectives, we studied five Sawtooth Valley lakes , but focused on Redfi sh Lake,
the only lake in the Sawtooth Valley to which sockeye salmon still return. First, we measured the
lake's water budget and nutrient loading. Second ,
we constructed a simulation model that allowed us
to predict how the productivity of the lake depended on different nutrient sources (marine-derived nutrients from adult sockeye salmon, lake
fertilization, and watershed loading). The model
conceptualizes the interaction between nutrient
loading and sockeye salmon population dynamics
and allows us to make general predictions on how
nutrient loading and management scenarios affect
populations of sockeye salmon.

Study Area
The Sawtooth Valley lakes are located in the
Sawtooth Valley National Recreation Area in central Idaho (44°N, 115°W) at elevations of 1,9962,157 m (Figure I). Their pri stine watersheds drain
the eastern side of the granitic Sawtooth Mountains (elevations up to 3,277 m). The drainage basins were heavily glaciated during the Plei stocene
when glaciers advanced just beyond the mouths of
the mountain valleys, depositing large moraines
behind which the lakes are impounded (Kill sgaard
et al. 1970; Alt and Hyndman 1989). The lakes
are oligotrophic and dimictic and are normally icecovered from December until May.
Redfish Lake is 6 km long and 1 km wide. It
has two perennial inflows, Redfish Lake Creek (a
fourth-order stream) and Fishhook Creek (thirdorder) . Mean summer epilimnetic chlorophyll-a
and nutrient concentrations are low : 0.60 Il-g/L for
chlorophyll a. 65 Il-glL for LOtal nitrogen (TN), and
6.8 Il-glL for total phosphorus (TP) (Steinhart et
al. 1994). Bioassays have shown that both Nand
P colimit algal production (Wurtsbaugh et aI. , in
press). The lake has a surface area of 6.15 km 2 , a
volume of 270 X 106 m 3 , a mean depth of 44 m,
a maximum depth of 91 m, a drainage area of 108
km 2 , and a mean summer Secchi depth of I 1.9 m.
Macrophyte are sparse in the lake. The dominant
crustacean zooplankton are Holopedium gibberum.
Bosmina longirostris, and Daphnia rosea (Budy et
al. 1995).
Because Redfish Lake is highly prized for recreation and aesthetics, managers are concerned
that lake fertilization might affect water clarity.
Campgrounds, a hotel, and marina are present at
the lake, but nutrient input from these is limited
because sewage is primarily removed by pumping.
The pelagic fish community is dominated by kokanee, the nonanadromous form of O. nerka. Juvenile Snake River sockeye salmon from a hatchery broodstock program were stocked into the lake
in 1994. Continued stocking through the year 2003
is envisioned to increase egg-to-smolt survival of
these endangered fish and eventually reestablish a
self-sustaining population (Bevan et al. 1994).
Four other Sawtooth Valley lakes included in
this study-Alturas, Pettit, Stanley, and Yellow
Belly-range in surface area from 0.73 to 3.38
km 2, in mean depth from 14 to 32 m, and in mean
summer epilimnetic chlorophyll a from 0.5 to 1. 1
Il-g/L. Additional limnological characteristics of
the lakes are given in Steinhart et al. (1994), Budy
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FIGUR E I. -Map of Pacific Northwest showing the locati o n of the study lakes in the Sawtooth Valley, Id aho.
Location of rain gauges is indicated by black dot s.

et al. (1995), Gross (1995) , Luecke et al. (1996),
and Gross et al. (1997) .

drought year in the region, and 1993, a normal
water year. The annual water budget of a lake was
expressed as

Methods
Lake Water Budgets

We measured water budgets of Redfish Lake for
two years : 1992, which was a sixth consecutive

I

+
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+

E

+

Sp ± 'OS"

where I = stream inflows, P = precipitation on
lake surface, R = nonchannelized runoff, G =

4

GROSS ET AL.

groundwater inflows, 0 = stream outflows, E =
evaporation, Sp = seepage, and SSt = annual
change in lake storage (Likens 1985). In this study,
G and Sp were not quantified and SSt was negligible.
Stream inflow and outflow discharges were measured with a Marsh-McBirney Flo-Mate 2000Q!)
electromagnetic flowmeter, with standard area-velocity methods described in Rantz (1982). Staff
gauges installed on the lake 's two inflows (Redfish
Lake Creek and Fishhook Creek) and its outflow
allowed us to develop a stage-discharge relationship for each stream and to estimate discharge on
several dates when discharges were not measured.
We directly measured flows or gauge readings to
estimate discharge for each stream one to three
times weekly from May through September 1992
and from late April through September 1993 . Less
frequent measurements were made during the other
months (when base flow conditions existed) in
both years . Additionally, one to three gauge readings were taken daily on Fishhook Creek in 1992
and 1993 during the rising limb, peak, and falling
limb of the local hydrograph each year (MayJune). Additional discharges were estimated for
Redfish Lake Creek from a log-log linear regression of discharges (r2 = 0.97) with the more accessible and intensively measured Fishhook Creek.
A regression to U.S . Geological Survey (USGS)
streamflow data (USGS, Boise, Idaho) for the
Salmon River at Salmon, Idaho (located 230 km
downstream from Redfish Lake), was used to augment the hydrographs during winter base flow periods.
Because Redfish Lake is ice-covered several
months each year, precipitation input was partitioned into precipitation received when the lake
was open, PQ' and during the ice cover season, Pi.
The PQ was an immediate input into the lake and
was derived from the mean of recordings made at
two weather stations. One station, 8.3 km from the
lake (Figure I), is part of the Idaho state climatologist's network (station 108676). We operated
a second station located 3.4 km from the lake.
Precipitation at these two sites differed by only
6%.
The Pi accumulates on the frozen lake; some of
it sublimates or evaporates. The rest does not become a direct water input to the lake until the ice
cover melts in the spring (April or May) . To determine the direct water input to the lake from Pi ,
data from the U.S . Natural Resources Conservation Service (NRCS , Boise, Idaho) snow courses
were used. The snow water equivalent (SWE) of

the snowpack for April 1 at the Redfish Lake Flat
(RFL) snow course (1 kID from the lake) was used
to estimate the quantity of the precipitation input
which accumulated on the lake before ice-out. Because the RFL snow course became inactive in
1990, we predicted the SWE for Redfish Lake by
using regressions based on 30 years of data (19611990) from two other snow courses in the region,
Banner Summit (BS) and Vienna (VM), located
31 and 40 kID, respectively, from Redfish Lake.
Linear regressions between each site and the RFL
site (,-2 = 0.82-0.85 , P = 0.0001) produced estimates of Pi for the RFL site that differed by less
than 2%.
Redfish Lake's watershed has nonchannelized
hillslope runoff (NHR) areas that drain directly
into the lake and are not accounted for when lake
inflows are measured . Total watershed and NHR
areas were measured by digitizing 1:24,000 topographic maps . Most of the NHR areas are forested and rise only a few hundred meters above
the lake. Unit runoff from NHR areas was computed as measured precipitation minus the percent
lost to evapotranspiration from a subalpine-alpine
watershed (53 % for Fraser Experimental Forest,
Colorado; Alexander et al. 1985).
We estimated lake evaporation at 74 cm/year,
based on a map from the USN CDC (1968). This
compared with 63-86 cm/year for six mountain
reservoirs in Colorado (Spahr and Ruddy 1983).
Depending upon lake and year, lake evaporation
represented between 2% and 13% (mean, 6%) of
a lake's water output.
The percent difference between water inputs and
outputs to the lake was calculated as
100 x [(I

+

P

+

R) - (0

+

E)]/(O

+

E) .

Although this calculation does not include groundwater inflows or seepage losses, it gives an indication of the accuracy of our streamflow and precipitation measurements and evaporation estimates . Lake flushing rate was calculated as the lake
volume divided by annual average outflow.
Lake Nutrient Loading

We computed TN and TP fluxes for each component of the water budget by multiplying nutrient
concentration by volume. The results were integrated over time to provide volume-weighted annual fluxes . The TN loading estimate does not include autochthonous loading. Since nitrogen-fixing cyanobacteria are largely absent from the pelagic zone of Redfish Lake (Gross 1995),
autochthonous loading is believed to be minimal.
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For each inflow, we collected water samples for
chemical analysis about three times per month
from May through September 1992, and weekly
from late April through September 1993 . Additional samples were collected during the snowmelt
season on both the rising and falling limbs of the
hydro graph. During other months of these years,
we collected samples at intervals of 1 to 3 months.
Stream samples were collected with a DH-48
depth-integrating sampler with the intake nozzle
lowered to within 3 cm of the substrate so that we
sampled a portion of the bedload as well as the
suspended load. The sampler was lowered and
raised at a steady rate at 5-10 locations evenly
spaced along a stream cross section. Samples were
stored in acid-washed (0.1 N HCI) polyethylene
bottles in an ice cooler and then frozen within
4 h.
Each sample was analyzed for TN and TP. The
TN was calculated from the sum of total Kjeldahl
nitrogen (TKN) and nitrate + nitrite nitrogen
(N03-N). Unfiltered water was used for TKN and
TP analyses ; samples analyzed for N03-N were
filtered through a 0.45-lLm membrane filter. The
TP samples were digested with persulfate and then
analyzed colorimetrically by the molybdate-absorbic acid method (APHA et al. 1992). Nitrogen
was analyzed colorimetric ally with a Kjeldahl digestion for TKN and the hydrazine method for
N03 (APHA et al. 1992).
Our nutrient sampling interval in 1993 (- 1
week) could have overrepresented or underrepresented important intermittent pulses of nutrients .
Munn and Prep as (1986) found that weekly sampling underestimated P loading for two streams by
averages of 15% and 34%. Our analysis of 1987
data from Halfmoon Creek, Colorado (USGS, Water Data and Storage Retrieval Information System, Denver), indicated that weekly measuring
overestimated TP loading by 1.5% when compared
with daily sampling.
We feel that a ±25% perturbation for nutrient
loading in the sensitivity analysis of our simulation
model adequately accounts for effects our sampling methods may have had on the accuracy of
the nutrient-loading data.
From April to December 1993, we periodically
collected precipitation samples 3.4 ken from Redfish Lake using a bulk sampler, which consisted
of a polyethylene funnel (30-cm diameter), 2-L
reservoir, vapor barrier, and tubing. Samples were
proportionally pooled, based on precipitation totals, into three mixtures from the open lake (Po)
period and one mixture from the ice-covered (Pi)

period. Samples were analyzed for TN and TP, as
described above, to compute annual Po and Pi nutrient fluxes . Because precipitation samples were
not collected in 1992, we used the nutrient concentrations from the 1993 samples to compute the
1992 precipitation nutrient load .
We did not measure nutrient concentrations in
NHR but estimated them by using the mean annual
nutrient concentration for the inflows (annual nutrient load/annual inflow discharge). The NHR volume was multiplied by these concentrations to determine NHR nutrient loads.
Water budgets and nutrient loading for the other
Sawtooth Valley lakes, which are potential sites
for reestablishment of sockeye salmon, were measured by similar methods and are reported in the
Appendix .
Simulation Model

The simulation model (Figure 2) takes a " bottom-up" approach to determining lake production.
Mean summer chlorophyll-a concentration is predicted from TP concentration at spring overturn
(TPsp ) ' The resultant chlorophyll concentration is
used to predict production of sockeye salmon
smolts. The number of returning adults is determined by the number of smolts and their migration
survival rates to and from the ocean, as well as
their marine survival rate. The model was run with
QuattroPro (version 5) spreadsheet software.
For each yearly iteration, the simulation model
calculates TP sp , the current year's net TP input
(P L ), and TP retained from previous years (PR) ,
with the following formulas:
TPsp = PL + P R ,
P L = [P w + P A + P F]

-

P s,

and

i-I

P R = ~ PL,i X (1 - T,vl)i- i,
i~ 1

where Pw, PA, and PF equal TP loading from the
watershed, returning adult sockeye salmon, and
fertilizer, respectively ; P s = TP export by age-l
migrating smolts; Tw = lake flushing rate, and j =
the year number of ·the current model iteration.
Phosphorus content of sockeye salmon was
computed from the following figures: (1) an adult
weight of 2.24 kg, based on the mean fork length
of sockeye salmon returning to Redfish Lake (561
mm; Bjornn et al. 1968) and an adult lengthweight relationship derived from Burgner (1991) ;
(2) a smolt weight of 9.6 g, based on a mean length
of 101 mm when 100% of smolts migrate from
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Retained
TP

TP loading:
+ watershed
+ fertilizer
+ returning adults
- smolt export

Spring TP

Chlorophyll a

Returning Adults

Smolts
FIGURE 2.-Flow diagram of th e simulation model. The model was u ed to predict sprin g total phosphorus (TP)
concentration, mean summe r chlorophyll a, and smolt and adult sockeye sa lmon production under differe nt survival
and lake fertilization scenarios.

Redfish Lake as yearlings (derived from Bjornn et
al. 1968) and ajuvenile length-weight relationship
(see below) ; and (3) 0.3364% P, wet weight, in
sockeye salmon (Koenings and Burkett 1987).
We derived an empirIcal relationship for the
Sawtooth Valley lakes to predict mean summer
chlorophyll concentration based on TP sp ' We determined TP sp for 1992 and 1993 from 0- 6 m tube
samples collected just after ice out from Redfish,
Alturas, Pettit, and Stanley lakes. Samples were
handled and analyzed as described above. Mean
summer chlorophyll concentration for each lake
was determined from 0-6-m tube samples collected two to three times per month per lake from
May to October in 1992 and 1993 . Fluorometric
chlorophyll-a analysis was conducted as described
in Budy et al. (1995), based on Holm-Hansen and
Riemann (1978).
We then predicted sockeye salmon smolt production fTom mean summer chlorophyll-a concentration using kokanee biomass and chlorophyll-a
data for 10 Idaho lakes and reservoirs (Rieman
and Myers 1992) as a surrogate. We calculated
sockeye salmon smolt production from kokanee
age-class biomass data in each lake as the product

of mean standing stock biomass and growth rates
between year-classes according to
2

L [(B; + B;+ I)I2] X (log eW;+ 1 ;- 1

log e Wi)1I year,

where B; = the standing stock biomass (density X
mean weight) of year class i in the lake, and W;
= the mean weight (g) of fish in year class i, calculated from fork length (FL; , in mm) data. The
following length-weight relationship for juvenile
O. nerka was used (P. Budy, Utah State University,
unpublished data) :
10g(W;) = -4.803

+

2.886 10g(FL;),

for which r 2 = 0.97.
Midwater trawling data from Rieman and Myers
(1992) allowed us to approximate O. nerka production from age J to 3, but because the data do
not include the densities and sizes of the age-O fi sh
in the lakes, the production of O. nerka moving
from age 0 to age I could not be included. To
account for production of age-O fish , which is often
a substantial portion of total production , we doubled the age 1-3 production estimates, as suggested by Morgan (1980) .
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Migration and marine survival rates were taken
from Bowles and Cochnauer (1984), who modeled
potential sockeye salmon production in Alturas
Lake. They estimated that Snake River sockeye
salmon, which spend 2 years in the ocean (Bjornn
et al. 1968), had overall ocean and coastal survival
of 0.344. For predam conditions, they estimated
survival rates of 0. 13 for downstream migration
and 0.90 for upstream migration , yielding a smoltto-adult survival rate of 0.040 . The survival rates
they used for modern conditions , which include
the effects of eight hydroelectric dams, were
0.0253 for smolts mjgrating downstream and 0.462
for adults migrating upstream , yielding a smoltto-adult survival rate of 0.0040.
We used the model to simulate the following
five scenarios:
(I) sockeye salmon production under predam mi-

gration conditions;
(2) sockeye salmon production under modern conditions;
(3) same as (2) , except the smolt-to-adult survival
rate was doubled, representing improvements
in migration survival;
(4) same as (2), except the watershed P loading
was doubled to simulate the potential benefits
of a lake fertilization program ;
(5) a 3-year fertilization program representing an
attempt to boost smolt production with the
goal that the subsequent return of adults would
add enough nutrients to trigger a permanent
increase in lake productivity that would make
the stock self-sustaining without further fertilizations.
In all scenarios, we assumed that all production of
O. nerka went into sockeye salmon and none went
into kokanee.
We performed a sensitivity analysis on the model by perturbing the following variables: nutrient
loading (both watershed and fertilizer loading),
smolt-to-adult survival , and lake flushing rate.
Each variable was perturbed individually, and then
collectively, by +25 % and - 25 %.
Additionally, to determjne what combination of
smolt-to-adult survival and lake flu shing rates
would cause escalating increases in smolt production and subsequent adult returns, we ran the simulation model under predam conditions and a cross
matrix of smolt-to-adult survival rates (0.4, 0.2,
0 . 1, 0.07 , 0.04, 0 .0 I , and 0 .004) and lake flushing
rates (30, 20, 10, 5, 3, and J years).

T A BLE I.- Water budgets for Redfish Lake, 1992 and
1993. All quantities are millions of m3 , except for 6.,
which is in % (100 X [sum of inputs - sum of outputs]1
sum of outputs); NHR = nonchannelized hillslope runoff;
PR = precipitation ; EV = evaporation.

Losses

Gains

Year

InHows

PR

NHR

EV

OUlflow

!J. (%)

1992
1993

43.2
83.4

1.6

2.7
5.2

4.3
4.3

50.3
89.9

- 13.0
- 2.4

3.3

Results
Water Budgets
The water budgets were dominated by stream
inflows and outflows (Table 1). In 1992 and 1993,
inflows were 91 % of the inputs, and outflows were
92-95 % of the measured losses . The percent differences between measured inputs and outputs
were -13 % and -2% in 1992 and 1993, respectively.
Precipitation in 1992 was 10.7 cm during the
open-lake period (Po) and 16.2 cm when the lakes
were ice covered (Pi) ' In 1993, Po and Pi were
23 .7 and 29.2 cm, respectively. The 30-year averages of P o and Pi are 18.7 cm and 30.2 cm,
respectively. Thus, for 1993 , precipitation for the
basin was close to average.
In 1993, near-normal precipitation resulted in
near-normal total discharge in the upper Salmon
River basin; mean annual discharge for 1993 on
the Salmon River at Salmon, Idaho, was 54.2 m3 /s ,
compared with the average mean annual discharge
of 55 .0 m3/s for 78 years of record (Gross and
Wurtsbaugh 1994). This contrasted with 1992,
which was the sixth year of a drought period and
had the lowest streamflows on record. Water input
to Redfish Lake in 1992 was only 53 % of that in
1993 . Mean annual flows for Redfish Lake Creek
and Fishhook Creek in J 993 were 1.84 and 0.81
m 3/s , respectively.
The flushing rate in Redfish Lake was 3.0 years
based on the 1993 outflow and 5.4 years based on
the 1992 drought year outflow. Because 1993 was
nearly an average flow year, we used 3.0 years as
the flushing rate in the simulation model.
Nutrient Loading
Nutrient loading to Redfish Lake was much
higher in 1993 than in 1992, although the relati ve
contributions from inflows, NHR, and precipitation were simjlar in the two years (Table 2). The
TP loading in 1993 was 0.15 g/m2, which was
almost twice as much as the loading of 0.08 g/m2

8

GROSS ET AL.

TABLE 2.-Total nitrogen (TN) and phosphorus (TP)
loading for Redfish Lake in 1992 and 1993; PR = precipitation ; NHR = nonchannelized hillslope runoff.
Source (%)
ofTP:

Year
1992
1993

TP
TN
(glm2) (glm2) Inflow NHR
0.08
0. 15

0.75
1.95

88
88

6
6

Source (%)
of TN:

PR

Inflow NHR

7
7

4
5

72
78

PR
24
18

in 1992. The TN nutrient loading in 1993 was 1.95
g/m2, which was 2.6 times the loading of 0.75 g/m2
in 1992. Nutrient concentrations of stream samples
used to derive these figures , as well as stream nutrient data for the other lakes, are reported in Gross
(1995).
Nitrogen and phosphorus entered the lake primarily through the tributaries . The majority oftributary nutrient loading occurred during the snowmelt runoff period. Between 12 May and 30 June
1993, only 13% of the calendar year, Fishhook
Creek and Redfish Lake Creek delivered 67% of
their annual TP load and 62% of their annual TN
load .
Precipitation on the surface of Redfish Lake
contributed 7% of annual TP and 18-24% of annual TN loads (Table 2). The volume-weighted TP
and TN concentrations of the three pooled samples
from the open-lake period were 18 and 850 fLg/L,
respectively, while the one pooled sample from the
ice-covered period had TP and TN concentrations
of 20 and 487 fLgIL, respectively.

CHL

1.0

Simulation Model
Mean summer chlorophyll-a concentrations
were linearly related to spring TP in the Sawtooth
Valley lakes (Figure 3; r2 = 0.83, P = 0.0018).
Based on a spring TP concentration in Redfish
Lake of 10 fLgIL in 1993, this relationship predicts
a mean summer chlorophyll concentration of 0.57
fLg/L.
Although there was considerable scatter in the
data, there was a significant, linear log-log relationship between chlorophyll-a concentration and
the production of O. nerka in Idaho lakes (Figure
4 ; r 2 = 0.52, P = 0.018). The production data
shows weights (kg·ha- I·year I) and the equivalent
number of smolts (number·ha- I·year) that could
be produced if all of the current kokanee production in these lakes was realized by sockeye salmon
that grew to smolt size (9.6 g; Bjomn et al. 1968)
in 1 year. The relationship predicts that as chlorophyllieveis rise from 0.5 to 5 mg/m, production
of O. nerka increases from 1.20 to 13.2
kg·ha- I·year- I, or in terms of potential smoits ,
from 125 to 1,370 fish·ha- I.year I.
The outputs of the simulation model approached
equilibrium conditions quickly. Spring TP, chlorophyll concentrations, and numbers of smolts and
returning adults reached 99% of the equilibrium
values within 2-7 years for scenarios 1-3 and in
12 years for scenario 4.
The simulation model indicates that marine-derived nutrients are not very important for the pro-

a =0.0585 (SPRING TP) - 0.0193,

S-93 .

r2 =0.83, P < 0.002

::J"

--2- 0.8
Cl

til

...J
...J

>
::c
a. 0.6
0

a::

0

...J

::c 0.4
()

R-92 .

0.2
4

6

8

10

12

14

16

18

SPRING TP (ug/L)

FIGURE 3.-Relationship between spri ng total phosphorus (TP) concentration and mean summer chlorophyll-a
levels in the Sawtooth Valley lakes, Idaho: R = Redfish Lake, A = Alturas Lake, P = Pettit Lake, S = Stanley
Lake, 92 = 1992, and 93 = 1993.
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FIGURE 4.-Relationshjp between mean chlorophyll-a (CHL a) levels and kokanee production in 10 Idaho lakes.
The growth rate data were derived from estimates of fish biomass and growth reported by Rieman and Myers
( 1992). The scale on the right y-ax is indicates the number of 9.6-g smolts that could be produced if all of the
kokanee production was channeled into sockeye sal mon production.

ductivity of Redfish Lake. The simulations indicate that the amount of nutrients transported to the
lake by returning adults was between 0.1% and
1.5% (depending on scenario) of loading from the
lake's watershed (Figure Sa, b) . Nutrients from
adult salmon were largely offset by a combination
of (1) high washout of nutrients through outflow
(due to the 3-year flushing rate) and (2) departure
of nutrients with out-migrating smolts (Figure Sa).
In fact, in scenarios representing modem migration
survival rates (scenarios 2 and 4), the smolt-toadult survival rate of 0.40% is lower than the
smolt-to-adult mass ratio of 0.43 % (9.6:2,240 g).
Consequently, under modem survival rates, more
nutrients leave the lake with smolts than return
with adults.
Spring TP, chlorophyll concentration, and smolt
production were highest under the lake fertilization simulation (Figure 5c). Under the other scenarios (predam, modem, and doubling migration
survival), the values for these outputs varied by
less than 2%, suggesting that a nutrient deficit has
not developed in Redfish Lake as the result of
declining returns of adult sockeye salmon.
The number of returning adult sockeye salmon
was greatest in simulations in which predam survival estimates were used (Figure 5d, scenario 1).
This simulation indicated that 3,800 adults could
have returned annually to Redfish Lake before the
dams were constructed on the Columbia and Snake

rivers-930% more than predicted for modem
conditions.
The simulation of modem conditions indicated
that with present sockeye salmon production and
survival estimates, 370 returning adults could be
produced. Doubling P loading from the watershed
increased returns by 110% to 780 adults ; doubling
migration survival increased returns by 100% to
750 adults . Thus, these two treatments had nearly
the same effect.
For scenario 5, in which P loading from the
watershed was doubled for 3 years to simulate temporary lake fertilization, chlorophyll concentrations and numbers of sockeye salmon smolts and
returning adults increased to levels similar to those
when fertilization was continuous (scenario 4). After fertilization ceased, however, phosphorus,
chlorophyll, smolt production, and adult sockeye
salmon numbers returned to within 5% of modern
conditions within 8 years, and within 1% in 16
years (Figure 6). The TP from the fertilizer was
flushed from the lake while the remaining TP was
sustained by continual watershed loading . The
model thus indicates that a 3-year fertilization
would not trigger a self-sustaining return of sockeye salmon and nutrients to the lake.
The sensitivity analysis showed that a given
change in the value of a variable generally resulted
in a similar change in the number of returning adult
sockeye salmon. The percent differences in adult
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returns under each scenario, however, remained
nearly the same (Table 3). Regardless of the perturbation, returns under modern conditions always
were 9-10% of those under predam conditions,
and returns under conditions of increased downstream survival or lake fertilization always were
19-2 1% of predam escapement. Perturbation of
±25 % of each variable resulted in changes in returns of ±24-29%. When all variables were si-

multaneously increased or decreased by 25%, adult
returns increased by 100- 108% or decli ned by 5960%, respectively. The linear nature of the model's
response to perturbation reflect the linear nature
of the relationships used in the simulation model
and the lack of a nutrient feedback mechanism
produced by returning adult sa lmon.
As the smolt-to-adult survival rate or time for
lake flushing increase (wi th nutrient loading re-

11

SOCK EY E SALMON AN D L AKE PR ODUCT I V ITY

1 3-Year Fertilization Period

20

1.0
16

-

/CHLOROPHYLL a

0.8 co
...J
...J

-:..., 12

~

0.6 :r
c..

tn

2c..

f-

0

0::

8

0

r-- 0.4 :r
...J

u

4

I

0

2

3

4

r-- 0.2

I I •.. • .

5

6

7

8

0.0

9 10 11 12 13 14 15

YEAR

IS§Sl Watershed TP

_

180000 -,--

-

Fertilizer TP

- - -- -- - - - -- --

-

- - -- , 700

160000
600

en 140000

:t>

o

~

o
~

500 c

~

120000
400

100000

80000

+---.- . --.---.-.--.---.-.-..---.-.--.---.- . - + 300
2

3

4

5

6

7

8

9

10 11

12 13 14 15

YEAR
FI GU RE 6. -Simul ated effects of a 3-year lake fertili za tion program . Vari ables shown are (uppe r pane l) sprin g
tota l phosphoru s (curre nt year's input plus th at retained fro m prev ious years) o ri ginatin g from the wate rshed and
fro m fert ili zer a nd mean summer c hl oroph yll a, and (lower pane l) annua l smo lt production and ad ult sockeye
sa lm on ret urns. The s imul ated fe rtili zati o n occurred in years 2 thro ugh 4.

maining the same) , our model predicts an increase
in the number of returning adults (Figure 7). For
model scenarios in which hypothetical flu shing
and smoll-lo-adult sur vival rates were both suffi ciently high, returning adults transported enough
mari ne-derived nutrients to cause escalating increases each year in smolt production and subsequent adult returns. Such scenarios occurred when
the model was run with (I) a smolt-to-adult survival of 40% and a flu shing rate of 10 years or
more, (2) a smolt-to-adult survi val of 20% or more
and a flu shing rate of 20 years or more, or (3) a
smolt-to-adult sur vival of 10% or more and a
Rushing rate of 30 years. In these scenarios, an

equilibrium level of adult returns was never
reached because the marine-deri ved nutrients were
transported to the system faster than they were
flushed out. Thus, the mari ne-derived nutrients accumul ated, causing higher levels of chlorophyll ,
smolt production, and adult returns. In all of these
scenarios, the smolt-to-adult sur vival and lake
flu shing rates exceeded by 150- 900% those for
Redfis h Lake under predam conditions. Thus, the
existence at Redfish Lake of a nutri ent feedback
mechanism or a modern-day nutrient deficit is unlikely.
Note that under the scenarios in Figure 7 , in
which an equilibrium level of adult returns was
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TAB LE 3.-Sensiti vity analysis of equilibrium numbers of adu lt sockeye salmon spawners predicted by the si mu lation
model. The results show predicted adult returns when each parameter was perturbed indi viduall y - 25% and +25 % and
then collecti vely. The results for scenario 5 (3-year lake fertil ization) are the same as fo r scenario 2.
Number of adult sockeye salmon returns under

Parameter and
percent perturbation
None
Nutrient loading
- 25%
+ 25%
Lake Hushing rate
- 25 %
+25%
Smolt-to-adult survival
- 25%
+ 25%
All parameters simultaneously
- 25%
+25%

Scenario 3
(doubled smoll
Scenario 4
migration
(doubled nutrient
survival)
loading)

Scenario I
(predam
conditions)

Scenario 2
(modern
condi tions)

3,800

370

750

780

2.800
4,900

270
470

550
950

570
1,000

- 26 to - 27%
+27 to + 29%

2,800
4,900

270
470

550
950

570
990

- 26 to - 27%
+ 27 to + 29%

2,900
4,800

270
470

560
940

580
970

- 25 to - 27%
+24 to + 27%

1,500
7,900

150
750

300
1,500

320
1,600

Percent change

- 59 to - 60%
+ 100 to + 108%

240000

o

FIGURE 7.- Model predic ti ons of equilibrium numbers of returnin g adult salmon to Redfis h Lake under di ffere nt
co mbinati o ns of smolt-to-adult surviva l rate and flu shing rate. The data po int indicated by a gray ci rcle (3-year
flu shin g rate, 0.040 sur viva l) shows ex pected re turns under predam co nd iti ons. Data points marked by solid tri angles
ind icate cond itio ns where numbe rs of returni ng adults would not reach equ ilibri um due to co ntinu all y escalat ing
soc keye salmo n return s.

SOCKEYE SALMON AND LAKE PRODUCTIVITY

TABLE 4.- Annual total phosphorus (TP) and total nitrogen (TN) budgets for Redfish Lake (kg) for two run
sizes of adult sockeye salmon. The 1993 fluvial inputs
have been used to represent an average year.
TP
Input

kg

TN
%

kg

%

Run 1 (4,361 adults in 1955)"
Fluvial
Precipitation
Adult salmon
Total

890
62
33 b.c

91
6
3
100

985

9,920
2.110
26 1b•d
12.29 1

81
17
2
100

Run 2 (25,000 adults, pre-I900)e
Fluvial
Precipitation
Adult salmon
Total

890
62
19Ob.c
1, 142

78
5
17
100

9.920
2, 110
1,495b.d
13.525

73
16
II
100

" Bjornn et al. ( 1968).
b Assumes mean weight of Redfish Lake adult sockeye of 2.24 kg
(Bjornn et al. 1968).
c Assumes 0.3364% P in an adult sockeye (Koenings and Burkett
1987).
d Assumes 2.67% N in an adult sockeye (Mathisen et a!. 1988).
e Hypothetical.

never reached, density-dependent factors , such as
spawning habitat, would eventually limit the population of sockeye salmon. Researchers interested
in using this simulation model in answering other
ecological questions should consider the limits
within their system imposed by density-dependent
factors and determine whether the application of
the model is appropriate.

Discussion
Our simulation model predicted that under predam conditions, the 3,800 sockeye salmon that returned to Redfish Lake would have contributed
only 3% of the lake's annual TP load . Empirical
estimates also suggest that marine-derived nutrients transported by sockeye salmon were relatively
unimportant to the overall nutrient load . From
1953 to 1964, Bjornn et a1. (1968) found a mean
of 769 and a maximum of 4,361 adult sockeye
salmon returning to Redfish Lake. If 4,361 salmon
returned in the normal water year of 1993, they
would have contributed 3% of the TP and 2% of
the TN budget (Table 4). This estimate is not substantially different than that predicted by the model. The number of sockeye salmon that returned
in the 1950s and 1960s was , however, according
to Bjornn et al. (1968 :360) " probably only a small
fraction of the number which returned during the
1800's . ... There is no reliable information on the
numbers of sockeye salmon spawning in Redfish
Lake at those early times." To demonstrate another
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possible scenario, we have assumed a return of
25 ,000 adults, which gives a spawner density
(4,065/km 2) similar to that reported for Karluk
Lake, Alaska, a system with some limnological
characteristics similar to those in Redfish Lake. If
25,000 spawners returned to Redfish Lake, we estimate that they would have contributed 17% of
the TP and II % of the TN coming into the lake
(Table 4) .
The estimated low contribution of marine-derived nutrients to lake production in Redfish Lake
compared with other sockeye salmon nursery lakes
is probably a consequence of the low smolt-toadult survival rate of migrating Snake River sockeye salmon. The predam 4.0% smolt-to-adult survival rate estimated by Bowles and Cochnauer
(1984) is lower than the rate for six other Pacific
sockeye salmon stocks, which ranged from 5% to
34% (Ricker 1962). Although the relatively rapid
washout of nutrients is also a factor, Redfish Lake's
3-year flushing rate is comparable to or slightly
greater than that of most other sockeye salmon
nursery lakes. Water residence time for 31 oligotrophic sockeye salmon nursery lakes ranged
from 0.2 to 34.7 years, with 23 of the lakes having
residence times less than 3.0 years (Stockner and
Shortreed 1985 ; Koenings and Burkett 1987 ; Kyle
et al. 1988). Thus, the smolt-to-adult survival rate
for Redfish Lake differentiates it more from other
sockeye salmon nursery lakes than does its rapid
flushing rate.
The low smolt-to-adult survival rate may be partially caused by the long migration to and from
Redfish Lake, which is the longest (1,450 km) and
represents the greatest elevation gain (1,996 m) of
any sockeye salmon stock in the world (Bevan et
a1. 1994). Of the 54 sockeye salmon nursery lakes
listed by Burgner (1991), the longest migration
was 1,064 km, and 74% of the lakes had migration
distances of 100 km or less .
Our modeling results point out that if the smoltto-adult survival rate is less than the smolt-to-adult
mass ratio, then anadromous salmonids are net exporters of nutrients from a limnetic system. This
principle could be useful in determining the effect
of fish management activities (e.g., changes in outmigration or escapement) on lake nutrient loading
or whether a salmonid run represents a net influx
or exodus of nutrients.
Results of the 3-year lake fertilization simulation suggest that a short-term lake fertilization program would have little long-term impact on sockeye salmon recovery under the modem migration
survival rate. Although the fertilization augmented
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the numbers of migrating smolts and returning
adults for 3 years, these increases dissipated when
fertilization was halted , largely because of the fast
flushing rate. Thus, a short-term nutrient addition
would not trigger enough plankton and subsequent
fish production to enable Redfish Lake to support
larger sockeye runs into the future.
Nevertheless, short-term fertilization might increase growth, survival , and out-migration of juvenile sockeye salmon returned to Redfish Lake
from the ongoing broodstock program. Thus,
short-term lake fertilization should be considered
an important tool for decreasing continued erosion
of the stock, which, in concert with improvements
in mainstem dam passage, could contribute to the
prevention of the stock's extinction. Improving migration survival would sustain increased returns
without continued manipulation of Redfish Lake,
while lake fertilization would require ongoing lake
manipulation. Furthermore, lake trophic status is
inversely related to water clarity (Dillon and Rigler
1975; Carlson 1977; Goldman 1988), so the impact
of fertilization on the aesthetic values of Redfish
Lake would require careful monitoring. Large mesocosm experiments (17 m deep) conducted in
Redfish and Pettit lakes in 1993 showed substantial
decreases in mean seasonal Secchi depth (2-3 m)
caused by nutrient additions (Gross 1995; Gross
et al. 1997).
Although our calculation of phosphorus 'retention and the relationship between spring TP and
mean summer chlorophyll-a concentration may
also have contributed to inaccuracies in our prediction, we are confident that the simulation model
gives reasonable predictions for total phosphorus
in the system. Under modern conditions, the spring
TP in Redfish Lake predicted by the model (10.6
fJ..gfL) was very close to that observed during the
normal water year in 1993 (10 fJ..gfL). Although a
more refined model of phosphorus retention might
incorporate phosphorus sedimentation and turnover, our simple approach appears to have captured
the dynamics of the system reasonably well.
The relatively poor fit of the relationship between chlorophyll concentration and production of
O. nerka (Figure 4) potentially introduced the
greatest inaccuracy into our model. The poor fit
probably results from (I) other factors besides
chlorophyll a affecting fish production and (2) the
imprecision of the trawling methods used to measure fish biomass (Parkinson et al. 1994). Although
the relationship we derived was imprecise, the increase in fish production associated with increases
in primary producer surrogates is consistent with

many other studies (reviewed by Carline 1986;
Plante and Downing 1993). Consequently, although the model's predictions of sockeye salmon
numbers may not be precise, the trends predicted
are reasonable.
The chlorophyll- smoIt relationship indicates
that ambient chlorophyll levels in Redfish Lake
could produce substantial numbers of sockeye
salmon smolts. Much of the production may now
go into kokanee because of the construction of
eight dams on the Snake and Columbia rivers during the past 60 years . Increased mortality imposed
on anadromous strains of O. nerka during this period decreased the numbers of adults returning
from the ocean. With fewer progeny from anadromous adults entering the lakes, the natural production potential probably was subsumed by kokanee populations. Gross (1987) has provided a
conceptual model of how changes in mortality or
growth during various stages of a fish's life can
favor anadromous or nonanadromous life history
strategies. This explanation suggests that reductions of the kokanee population might facilitate
the reestablishment of anadromous sockeye salmon through a reduction of the competition between
kokanee and sockeye salmon for food in the lake.
The simulation model's predicted escapement of
370 adults under modern conditions is high when
considering that the mean annual return between
1989 and 1994 was 2.7 fish . This is partially due
to the model's assumption that all production of
O. nerka goes into sockeye salmon and none goes
into kokanee. Another reason for this difference
may be that the migration survival rates we used
(Bowles and Cochnauer 1984) were probably too
high for the drought conditions that existed during
7 of the 8 years between 1987 and 1994 in much
of the Columbia River basin.
Predicted escapement of 3,800 spawners under
predam conditions compares to a mean return of
769 adults from 1954 to 1964, a time when returns
were "probably only a small fraction of the number which returned during the 1800's" (Bjornn et
al. 1968:360). Bjornn et al. (1968) recorded a peak
return of 4,361 adults in 1957. Our model operates
under equilibrium conditions and does not portray
the fluctuating, cyclic nature of sockeye salmon
returns often observed between generations
(Mathisen and Poe 1981 ; Kyle et al. 1988; Burgner
199 I) . Thus, it would be possible to see peak annual returns greater than 10,000 in a sockeye salmon population with a mean escapement of 3,800.
It is not our intent, however, to predict exact
sockeye salmon escapement figures. The primary
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utility of this model is to help understand some of
the fac tors driving nutri ent loading and smolt producti on in sockeye salmon lakes and compare different management scenarios. The model allowed
us to analyze the role returning adults played in P
loading and overall productivity in a lake. Thi s
model can be appli ed to systems where the relatio nships based on limnetic and fi sh producti on
data are available.
Ultimately, to restore self-s ustaining populations of anadromous sockeye almon to the Sawtooth Valley lakes, increased smolt-to-adult survival must be achi eved. Effo rts to enhance producti on of ju venile sockeye salmon in the rearing
lakes through fertilization should onl y be viewed
as a tool to increase the fo rage base, sur vival, and
growth of juvenile sockeye salmon produced naturally and those from the brood stock program . The
potenti al successes of recovery acti vities in the
rearing environment will be tempered by problems
fac ing sockeye salmon smolts in the mi grati on corridor.
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Appendix: Limnological Data
TABLE A.i.-Water budgets for Sawtooth Valley lakes, 1992 and 1993. All quantities are in millions of cubic meters,
except for ~, which is in % (100 X [sum of inputs - sum of outputsj/sum of outputs); NHR = nonchannelized hillslope
runoff; PR = precipitation; EV = evaporation.
Gains
Year and lake
1992
Redfish
Alturas
Pettit
Stanley
Yellow Belly
1993
Redfish
Alturas
Pettit
Stanley

Losses

InHows

PR

NHR

EV

Outflow

Ll (%)

43.2
20.3
7.4
13.0
13.2

1.6
0.9
0.4
0.2
0.2

2.7
1.0
0.4
0.8
0.2

4.3
2.4
1.1
0.6
0.5

50.3
23.6
7.4
11.2
14.6

- 13
- 15
-4
+ 19
- 10

83.4
55.9
19.8
30.0

3.3
1.8
0.9
0.4

5.2
2.0
0.7
1.5

4.3
2.4
1.1
0.6

89.9
59.8
20.8
32.4

-2
-4
-2
- 3

TABLE A.2.-Annual total nitrogen (TN) and total phosphorus (TP) loading for the Sawtooth Valley lakes in 1993;
PR = precipitation; NHR = non-channelized hillslope runoff. Because some values are rounded, percent totals may not
add to 100.
Yearly total (glm2 ) for:

Source (%) of TP:

Source (%) of TN:

Lake

TP

TN

InHow

NHR

PR

Inflow

NHR

PR

Redfish
Alturas
Pettit
Stanley

0.15
0.22
0.080
0.49

1.95
1.98
1.52
4.26

88
92
84
93

6
3
3
5

7
5
13

78
80
75
88

5
3
3
4

18
17
23
8

2
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T ABLE A.3 . -Ratio of watershed to lake area, nutrient export from each stream (per m2 of drainage area), and total
nutrient loading (per m2 of surface area) of the Sawtooth Valley lakes during 1993.

Lake
Redfish
Alturas
Pettit
Stanley

Ratio of watershed
to lake area
17.6

2204
16.9
48.6

Nutrient expon (mg/m2)

Nutrient load ing (g/m2)

TP

TN

TP

TN

10.3
10.5
4.6

11 5
83
80
97

0. 15
0.22
0.08

1.95
1.98
1.52
4.26

1104

0049

